O processo de eletrodissolução do cobalto policristalino em soluções tamponadas de carbonato-bicarbonato, cobrindo faixas relativamente largas de força iônica, pH, e condições hidrodinâmicas da solução eletrolítica, têm sido investigado usando espectroscopia de impedância eletroquímica (EIS).
In tro duc tion
It is well known that bi car bon ate ions and hy dro dy namics have a con sid er able in flu ence on the dis so lu tion and passivation pro cesses of polycrystalline iron 1 , nickel 2 , copper 3 , and co balt [4] [5] [6] elec trodes in aque ous elec tro lytes. In par tic u lar, Co elec trodes in so lu tions con tain ing bi car bonate -car bon ate ions ex hibit higher electrodissolution current den si ties than in bo rate elec tro lytes at com pa ra ble an odic overpotentials 4 . From ro tat ing disk elec trode studies 6 , it was con cluded that the co balt electrodissolution pro cess in the prepassive po ten tial range takes place through the for ma tion of sol u ble Co(II) spe cies, with the bi car bon ate ions play ing a fun da men tal role in the gen er ation of a car bon ate com plex of Co(II).
The pres ent pa per aims to gain deeper in sight into the mech a nism of the Co electrodissolution pro cess in car bonate-bicarbonate buff ers cov er ing a rel a tively wide range of ionic strength, pH, and hy dro dy nam ics of the elec tro lyte so lu tion, us ing elec tro chem i cal im ped ance spec tros copy (EIS).
Ex per i men tal
The ex per i men tal setup was the same as that de scribed in pre vi ous pub li ca tions 7, 8 . "Specpure" co balt ro tat ing disks (John son Matthey Chem i cals, 0.070 cm 2 ap par ent area), ax i ally em bed ded in PTFE hold ers, were used as work ing elec trodes. Prior to each elec tro chem i cal ex per iment, the work ing elec trodes were me chan i cally pol ished with 400 and 600 grade em ery pa pers, and with 1.0 and 0.3 µm grit alu mina-acetone sus pen sions, thor oughly rinsed in tri ply dis tilled wa ter, and cath od i cally po lar ized for 1 min in the hy dro gen evo lu tion re ac tion po ten tial range. Po ten tials were mea sured against a SCE, mak ing con tact with the so lu tion through a Luggin-Haber cap il lary tip prop erly shielded to avoid chlo ride ion dif fu sion. Po tentials in the text are re ferred to the NHE scale.
The elec tro lyte so lu tions con sisted of a mix ture of x M KHCO 3 + y M K 2 CO 3 (0.075 ≤ x ≤ 2.25; 0.05 ≤ y ≤ 1.5), 8.9 ≤ pH ≤ 10.5. They were pre pared from an a lyt i cal grade (p.a. Merck) re agents and tri ply dis tilled wa ter. Ex per iments were car ried out un der pu ri fied N 2 gas sat u ra tion at 25 °C. The work ing elec trode was main tained ei ther at rest or un der ro ta tion at speed w (300 rpm ≤ w ≤ 2500 rpm).
Im ped ance mea sure ments were car ried out us ing a Solartron 1250 FRA and 1186 EI in te grated with a PC system. De tailed de scrip tions of both the hard ware ar rangement and the data pro cess ing, in clud ing non-linear fit ting rou tines and para met ric iden ti fi ca tion pro ce dures, have been given else where [7] [8] [9] . Fig ures 1 and 2 show the Nyquist di a grams for the active Co dis so lu tion at w = 1000 rpm in var i ous elec tro lyte so lu tions, at the po ten tials marked in the cor re spond ing steady-state po lar iza tion curves (j vs. E). The gen eral features of the fre quency re sponse of the Co electrodissolution re ac tion in dif fer ent car bon ate-bicarbonate buff ers do not dif fer sig nif i cantly. The com plex plane plots dis play two slightly dis torted ca pac i tive semi cir cles in the 50 kHz ≥ f ≥ 2 mHz fre quency range, with f = ω/2π. It is worth not ing that the fre quency cor re spond ing to the max imum of the ca pac i tive loop at the lower fre quen cies is about 0.5 Hz, this value be ing prac ti cally in de pend ent of both so lu tion com po si tion and op er a tional po ten tial in nearly the en tire ac tive metal dis so lu tion po ten tial range, al though it di min ishes to about 0.3 Hz at po ten tials close to the cor re spond ing open cir cuit cor ro sion po ten tial, E corr . At each op er a tional po ten tial the ex per i men tal im ped ance extrap o lated at ω → 0 yielded a value of the po lar iza tion re sistance R p = ω → 0 lim ( ) Z jω in good agree ment with that cor re spond ing to the slope of the sta tion ary po lar iza tion curve ex pressed as R p = ( ∂E/ ∂j).
Re sults and Dis cus sion
The ef fect of w on im ped ance di a grams can be eval uated from Figs. 3a and 3b, mea sured at low and in ter me diate an odic po lar iza tions, re spec tively. At a con stant po ten tial and in creas ing w, the chord re lated to the high frequency loop be comes smaller, the fre quency at the max imum of the ca pac i tive con tri bu tion at lower fre quen cies in creases and the po lar iza tion re sis tance, R p , di min ishes remark ably.
A fairly good de scrip tion of the im ped ance di a grams was ob tained us ing non-linear fit ting rou tines ac cord ing to the fol low ing to tal trans fer func tion Z T (j ω):
where R Ω is the elec tro lyte re sis tance con tri bu tion and Z(j ω) is given by:
with the faradaic im ped ance Z f (j ω) ex pressed as , in volves the dou ble layer ca pac i tance, C dl , and the pa ram eter α that takes into ac count the dis tri bu tion of time constants due to sur face inhomogeneities, whereas in Eq. 3 Zf(j ω) in cludes the con tri bu tion of the charge trans fer re sistance, R t , de fined as the ω → ∞ limit of Z f (j ω) , and a fi nite dif fu sion im ped ance, Z W , de fined as:
The lat ter was con sid ered in or der to ac count for the mass trans port pro cess in volved in the Co electrodissolution re ac tion. The dif fu sion re sis tance, R DO , is the ω → 0 limit of a fi nite-length War burg im ped ance, S = δ 2 w/D, δ and D be ing the dif fu sion length and the dif fusion co ef fi cient, re spec tively. Ac cord ingly, R p cor responds to the ω → 0 limit of the Z T (j ω), de fined ac cord ing to Eqs. 1 to 3. Fur ther more, the time con stant τ D = 2 δ 2 /D asso ci ated with fi nite dif fu sion im ped ance 10, 11 can be re lated to the in verse of the fre quency value at which the dif fu sion im ped ance at tains the max i mum on the imag i nary axis and can be ex pressed as τ D = 2S( ω max ) -1 . Con se quently, it becomes clear that τD is in de pend ent of the po lar iza tion poten tial, al though it de pends on both δ and D. On the other hand, tak ing into ac count the in flu ence of hy dro dy nam ics on ki netic re sults, δ can be re lated to the thick ness of the dif fu sion layer which de creases with in creas ing w. The good agree ment be tween the ex per i men tal and cal cu lated data ac cord ing to the trans fer func tion model given in Eqs. 1-4 is shown in Figs. 4 to 6 . From the op ti mum fit of the CPE pa ram e ter de rived from the high fre quency loop in the whole set of ex per iments, val ues of α close to 0.9 and of the dou ble layer capac i tance of about 25-65 µF cm -2 were ob tained. Ta bles 1 to 3 show the trans fer func tion pa ram e ters ob tained from the fit ting pro ce dure at dif fer ent po lar iza tion con di tions in a 2.25 M KHCO 3 + 0.15 M K 2 CO 3 so lu tion at pH = 8.9, and w = 1000 rpm (Ta ble 1); in a 0.75 M KHCO 3 + 1.5 M K 2 CO 3 so lu tion at pH = 10.5, and w = 1000 rpm (Ta ble 2); and at dif fer ent hy dro dy namic con di tions (Ta bles 3.a and 3.b).
At each w, the value o f δ was cal cu lated ac cord ing to the ro tat ing disk elec trode the ory 12 by the ex pres sion:
and as sum ing that in aque ous so lu tions the Schmidt number, S c = ν/D, yields ap prox i mately equal to 10 3 12 , where ν is the ki ne matic vis cos ity of the so lu tion. There fore, tak ing into ac count that δ 2 /D is a fit ting pa ram e ter from the val ues of D es ti mated at var i ous po ten tials for all the stud ied electro lyte com po si tions, it is pos si ble to de rive a mean value of D ≅ (3.0 ± 0.5) x 10 -6 cm 2 s -1 which agrees well with the expected val ues for an ion dif fu sion pro cess in aque ous so lutions 13 . The pres ence of the slight fre quency dis tri bu tion observed in the high fre quency loop is not enough ev i dence of the pres ence of two dis tinct time con stants. How ever, if the first step is fast and re vers ible or the pseudocapacitance value is on the same or der of mag ni tude as the dou ble layer ca pac i tance, the time con stant can not be ob served ex per imen tally. Ac cord ing to this anal y sis, and tak ing into account that the two elec tron trans fer re ac tion is less likely to oc cur, the re ac tion steps con sid ered in a model with a min imal de gree of com plex ity have to in volve at least one Co(I) in ter me di ate spe cies. It has been re ported 4, 6 that the sol ubil ity of Co(II) in KHCO 3 so lu tions of vary ing con cen tration at pH 8.4 is pro por tional to the con cen tra tion of HCO 3 -in so lu tion un til the sol u bil ity prod uct of CoCO 3 is reached. How ever, in the pres ence of ex cess HCO 3 -ions, CoCO 3 redissolves as the com plex ion Co(CO 3 ) 2 2-. The ex is tence of this com plex ion has been con firmed by vis i ble ab sorption spec tros copy 4 . Con se quently, and con sid er ing the pres ent re sults, the Co electrodissolution pro cess in carbon ate-bicarbonate buff ers of pH 8.9-10.5 should be in terpreted in terms of a model that in volves mass trans fer whe re dif fu si on of eit her HCO 3 -spe ci es to the elec tro de sur fa ce or Co(CO 3 ) 2 2-from the sur fa ce is li kely to oc cur.
Con clu si ons
An elec tro che mi cal im pe dan ce study of co balt in carbo na te-bicarbonate so lu ti ons has been re por ted. In ge ne ral, the im pe dan ce spec tra dis play two slightly dis tor ted ca paci ti ve re la xa ti ons in the 50 kHz-2 mHz fre quency ran ge. Accor ding to the cha rac te ris tics of the fre quency at the maxi mum of the slightly dis tor ted ca pa ci ti ve loop at low frequen ci es, the im pe dan ce res pon se was mo de led con si de ring a fi ni te-length War burg im pe dan ce that accounts for the mass trans port pro cess ta king pla ce in the elec troly te. The analy sis also sug gests that chan ges in the dif fu si on la yer thick ness can be mo ni to red in situ by im pedan ce me a su re ments. It is pro po sed that the dis so lu ti on reac ti on of Co in car bo na te-bicarbonate buf fers of pH 8.9-10.5 in vol ves a mass trans fer con trol, whe re the dif fusi on of eit her HCO 3 -spe ci es to the elec tro de sur fa ce or Co(CO 3 ) 2 2-spe ci es from the sur fa ce is li kely to oc cur.
